A strategy combining dual-suppression PCR and thermal asymmetric interlaced PCR was used to determine sequences flanking microsatellite regions in Pythium helicoides.
Introduction
The oomycete Pythium helicoides was originally isolated from Dahlia root and described in 1930, but there were few subsequent reports on the species until recently. Pythium helicoides was recently isolated from bell pepper in Florida, and is considered to be virulent in several crops (Chellemi et al., 2000) . In Japan, the species was identified as a pathogen causing root rot of miniature rose and kalanchoe in ebb and flow irrigation systems (Kageyama et al., 2002; Watanabe et al., 2007) . The root rot disease has also been observed in rockwool cultures of cutting rose and has spread all over the country. Furthermore, it has been reported that P. helicoides causes root and crown rot of strawberry, and damping off of chrysanthemum (Suzuki & Yoneyama, 2005; Watanabe et al., 2005; Tsukiboshi et al., 2007) . Population genetics studies are needed in order to develop strategies to control the occurrence and spread of this pathogen.
In recent years, several molecular methods have been used in the characterization of Pythium isolates, including the use of random amplified polymorphic DNA (RAPD) markers (Herrero & Klemsdal, 1998; Kageyama et al., 1998; Matsumoto et al., 2000) , amplified fragment length polymorphisms (AFLP) (Garzón et al., 2005) and restriction fragment length polymorphisms (RFLP) (Harvey et al., 2000 (Harvey et al., , 2001 .
Both RAPD and AFLP analyses are fast and convenient procedures; however, they can only detect dominant markers, and thus cannot be used to identify heterozygotes in diploid species such as P. helicoides. Furthermore, RAPD analysis is poorly reproducible, especially between laboratories and researchers. RFLP analysis is very informative, but time consuming, because Southern blots are needed.
Microsatellites or simple sequence repeats are tandemly repeated motifs of one to six bases found in eukaryotic genomes (Hamada et al., 1982) , including fungi (Tautz, 1989) . Since they were first described (Litt & Luty, 1989; Tautz, 1989; Weber & May, 1989) , microsatellites have been widely used as tools in studies of genetic variation in natural populations, because they are codominant, multiallelic, highly polymorphic and require only small amounts of DNA for PCR analysis. Microsatellites can be amplified using primer pairs complementary to their flanking regions, and fragment length polymorphisms are detected by gel electrophoresis. To amplify microsatellite loci by PCR, primers must be developed using the flanking sequences. Sequence information for primer design can be obtained by constructing and screening a small insert plasmid library (Queller et al., 1993) or by enriching a DNA library for microsatellites (Karagyozov et al., 1993) ; however, both of these methods are labor-intensive and expensive. Therefore, several alternative strategies, including modifications of the RAPD method, PCR isolation of microsatellite arrays and primer extension enrichment protocols (Zane et al., 2002) , have been devised. However, none of these methods have been widely adopted.
The objectives of this study were to apply dualsuppression PCR (Lian & Hogetsu, 2002) and thermal asymmetric interlaced (TAIL)-PCR (Liu & Whittier, 1995) to develop microsatellite markers for P. helicoides, and to verify the usefulness of these markers for population analyses of P. helicoides.
Materials and methods

Isolates and DNA extraction
In this study, nine P. helicoides isolates were chosen, which represent its known ranges of geographical locations and hosts (Table 1 ; working numbers 1-9). Genomic DNA was extracted from mycelia following the procedure of Kageyama et al. (2003) .
Dual-suppression PCR
As the first step in isolating microsatellite loci, fragments with microsatellite sequences at one end were obtained by dualsuppression PCR (Lian & Hogetsu, 2002) . The followed procedure was used to construct adaptor-ligated DNA libraries. Samples of genomic DNA (5 mg) from the isolate H-5 were digested with the enzymes AccII, AfaI, AluI, EcoRV, HaeIII and SspI (Toyobo, Osaka, Japan) according to the manufacturer's instructions. The DNA fragments were purified using the GENECLEAN SPIN Kit (Qbiogene, Carlsbad, CA), and then ligated to adaptors (Lian & Hogetsu, 2002) consisting of a 48-mer (5 0 -GTAATACGACTCACTATAGGGC ACGCGTGGTCGACGGCCCGGGCTGGT-3 0 ) and an 8-mer with the 3 0 end capped by an amino residue (5 0 -ACCAGCCC -NH 2 -3 0 ), using a DNA ligation kit (Takara Bio Inc., Shiga, Japan). The resulting DNA libraries were then used as templates in PCR amplifications with primer pairs consisting of the adaptor primer AP 2 (5 0 -CTATAGGGCACGCGTGGT-3 0 ), designed from the longer adaptor strand, and one of the 10 microsatellite primers, (AC) 10 , (GA) 10 , (AAT) 7 , (AGC) 10 , (CAA) 7 , (CAT) 10 , (TCA) 10 , (TGC) 10 , (AGTG) 5 and (CTTT) 5 . The 50-mL PCR reactions contained 1 mL of template DNA, 1 mM of each primer, 1.25 U of rTaq DNA polymerase (Takara Bio Inc.), 200 mM dNTPs, 400 ng mL À1 bovine serum albumin (BSA) (Wako, Osaka, Japan) and 1 Â PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl and 1.5 mM MgCl 2 ), and were performed in a 2700 DNA Thermal Cycler (Applied Biosystems, Norwalk, CN). The reactions consisted of an initial denaturation for 4 min at 94 1C, followed by 35 cycles of 94 1C for 1 min, 60 1C for 0.5 min and 72 1C for 2 min, with a final extension at 72 1C for 10 min. PCR products were cloned into the pT7Blue T-vector (Takara Bio Inc.) using a DNA ligation kit (Takara Bio Inc.) and cloned. Selected clones were amplified using the M13M4 and M13Rv primers. The PCR products were purified using the Gene Elute PCR purification kit (Sigma, Ronkonkoma, NY), and then sequenced using the M13M4 and M13Rv primers and the Big Dye TM Terminator V3.1 Cycle Sequencing Ready Reaction kit (Applied Biosystems). The sequencing reaction products were analyzed on an ABI 3100 DNA sequencer (Applied Biosystems). Consensus sequences were based on results of the forward and reverse sequencing reactions.
TAIL-PCR
In order to determine the sequence of the flanking region on the other side of each microsatellite, TAIL-PCR was performed according to the protocol developed by Liu & Whittier (1995) , using genomic DNA from isolate H-5. The TAIL-PCR method utilizes an arbitrary degenerate (AD) reverse primer, together with three interlaced specific sense primers in consecutive reactions. The three sense primers were based on the sequences obtained from the microsatellite clones described 0 -AGWGNAGWANCAWAGG-3 0 were used in a separate reaction series with each set of sense primers. The series of three PCR reactions (designated as primary, secondary and tertiary TAIL) were performed as follows: the primary and secondary TAIL reactions were carried out in 20 mL with 0.8 U of rTaq DNA polymerase and 1 Â PCR buffer. The primary TAIL reaction also included 20 mg of genomic DNA, 0.2 mM primary specific primer, 5 mM arbitrary primer and 200 mM dNTPs. The secondary TAIL reaction contained 1 mL of a 1/50 dilution of the primary PCR product, 0.2 mM secondary specific primer, 3 mM of the arbitrary primer and 25mM dNTPs. The tertiary TAIL reactions were performed in 100 mL with 1 mL of a 1/10 dilution of the secondary TAIL product, 3.5 U of rTaq DNA polymerase, 25 mM dNTPs, 1 Â PCR buffer, 0.2 mM of the tertiary specific primer and 0.2 mM of the arbitrary primer. The thermal cycle protocols were the same as those used by Liu & Whittier (1995) . Selected major bands resulting from the TAIL reactions were purified from gels using the Get Pure DNA Kit (Dojindo Laboratories) according to the manufacturer's instructions, and then cloned and sequenced. The resulting sequences were used to design primers specific to the regions flanking the microsatellites. All primers were between 18 and 24 nucleotides in length, with annealing temperatures (T m ) between 55 and 65 1C and GC contents of 40-60%. Primer pairs were designed to amplify products of 100-600 bp.
Microsatellite amplification
The microsatellite flanking primers were tested using 10 isolates of P. helicoides listed in Table 1 . Each PCR amplification was carried out in a 25-mL reaction mixture that contained 20 ng of genomic DNA, 1 mM of each microsatellite primer, 0.625 U of rTaq DNA polymerase, 200 mM dNTPs, 400 ng mL À1 BSA and 1 Â PCR buffer. The amplification conditions were as described for the dual-suppression PCR reactions, except that the annealing temperatures were between 55 and 65 1C.
Characteristics of microsatellite loci
To investigate the characteristics of microsatellite loci amplified by six primer pairs, 30 P. helicoides isolates (Table 1) were used for allele analysis. The PCR was performed with a 5 0 fluorescent-labeled forward primer and a 5 0 unlabeled tailed reverse primer to resolve an 'additional-A' problem (Applied Biosystems). The size of individual PCR products at each microsatellite locus was determined using an automatic ABI 3100 DNA sequencer with LIZ size standard GeneScan-500 and analyzed using GENEMAPPER s software v 4.0 (Applied Biosystems). GENEPOP 4.0 on the internet was used to calculate the observed and expected heterozygosities and to test the linkage disequilibrium between loci.
Results
Dual-suppression PCR Genomic DNA fragments of the H-5 isolate that were digested with restriction enzymes were used to create adaptor-ligated DNA libraries. The libraries were used as templates in PCR reactions with an adaptor primer and each of 10 tandem repeat primers. One hundred and seventy-four clones of PCR products from the DNA libraries were randomly selected to be sequenced. Sequences containing at least seven dinucleotide, four trinucleotide, or four tetranucleotide repeat motifs were recognized as microsatellites. Using this threshold, 104 of the 174 clones were selected (Table 2) .
No clone was obtained after PCR amplification with two of 10 tandem repeat primers, (AAT)n and (CAT)n. One clone, derived from the (CAA)n motif PCR amplification, contained a compound repeat (CAC)n(CAA)n instead of the expected repeat sequence (CAA)n. Finally, 31 clones having adequate sequences to design specific primer sets for TAIL-PCR were selected. Table 3 shows six TAIL-PCR primer sets that were used to amplify flanking sequences for the microsatellite markers.
TAIL-PCR
TAIL-PCR was performed in order to amplify the sequence on the other side of each selected microsatellite. Twenty-four of 31 primer sets gave one or two specific and clearly visible bands after the tertiary PCR reactions (data not shown). Each of these main bands was cloned for DNA sequencing. All of the resulting clones contained microsatellites; however, six of the sequences were rejected from further analysis due to their high GC content. Each of the remaining 18 clones contained one of the microsatellites, (AC)n, (GA)n, (AGC)n, (CAC)n(CAA)n, (TCA)n, (TGC)n, (AGTG)n or (CTTT)n. These clones were used to design primers for amplification of microsatellite-containing regions.
Microsatellite amplification
Eighteen microsatellite primer sets were designed from the sequences obtained by TAIL-PCR and tested with DNA isolated from nine representative isolates of P. helicoides. Bands were successfully amplified from all isolates with 10 of the primer pairs.
Sequence analysis for polymorphic loci
In order to confirm that the PCR products amplified using the designed primers would contain microsatellite loci, and to determine whether the variability in size would correspond to a variable number of repeat motifs, the PCR products were sequenced. Four to 18 positive clones of each of the PCR products obtained using 10 primer pairs with each of three isolates, H-5, OMF3 and CBS286.31, were sequenced. Six of 10 primer sets contained microsatellite repeats and were selected for further studies (Table 4) . For these six markers, the lengths of the amplified regions, and the numbers of microsatellite repeats in the various alleles found in the isolates, are shown in Table 5 . Among all six loci in the isolates, the PCR products ranged in length from 113 to 523 bp. The numbers of alleles (i.e. with different numbers of microsatellite repeats) ranged from two (locus YL-AGC) to 11 (locus YL-CTTT).
Characteristics of microsatellite loci
Thirty P. helicoides isolates in Table 1 were tested to perform further genetic study with the six microsatellite markers (Fig. 1) . Microsatellite allele sizes from all isolates were scored with the locus, except for YL-AC (Table 4 ). In the locus YL-AC, the size could not be evaluated because of nonspecific amplification. The number of alleles for five loci varied from four to 16. The mean of alleles per locus was 4.8 at all of 30 isolates. The expected and observed heterozygosities (He and Ho) ranged from 0.56 to 0.65 and 0.58 to 1.00, respectively. None of the diploid type isolates was observed in locus YL-CTTT. No significant linkage disequilibrium was found between locus YL-GA and other loci tested.
Discussion
A new method for the isolation of microsatellite markers from P. helicoides genome is described in this study. A combination of dual-suppression PCR and TAIL-PCR was successfully applied in order to determine the sequences of the flanking regions of each microsatellite.
In the first step of this process, dual-suppression PCR was successfully used to amplify microsatellite sequences from digested and adaptor-ligated DNA libraries. This method is used to selectively amplify DNA fragments that have both Amplification of fragments with the same adaptor on both ends is suppressed, because of intramolecular hybridization between the adaptor on the 5 0 end and its complement on the 3 0 end. Nagai et al. (2006) used a similar method in population genetic studies of the toxic dinoflagellate Alexandrium minutum (Dinophyceae) and found that among 480 sequenced clones, 87 clones (18%) contained microsatellites at one end. In our study, 104 (59.8%) of the 174 sequenced clones contained repeats at one end.
Six restriction enzymes were used to develop the adaptorligated DNA libraries. In general, we obtained larger numbers of useful microsatellite clones from the libraries developed using the four-base recognition enzymes. Of these, AccII was found to be the most useful for P. helicoides, because c. 90% of the sequenced clones from this library contained microsatellites. Tamura et al. (2005) tested the same six restriction enzymes as those used in this study in Brassica rapa, and obtained better results with EcoRV and SspI. These observations suggest that the optimum restriction enzymes for cloning microsatellites might be different among taxonomic groups.
Our efforts to isolate the other flanking region of each microsatellite using either dual-suppression PCR or inverse PCR (Ochman et al., 1988) were not successful. The TAIL-PCR approach is a simple and efficient technique for genomic analysis in plant molecular biology (Liu & Whittier, 1995) . By combining dual-suppression PCR with TAIL-PCR, we were able to find the flanking regions on the other sides of the microsatellites that were isolated from P. helicoides. Using TAIL-PCR, we were able to amplify clean, microsatellitecontaining products using 24 (77%) of the 31 primer sets tested. This was similar to the percentage reported for Leptosphaeria maculans (75%) (Blaise et al., 2007) .
Our results indicated that the chances of cloning a microsatellite repeat motif were 60% by dual-suppression PCR in the first step of the combined process, and 77% by TAIL-PCR in the second step of the process. Thus, our overall success rate (46%) in cloning microsatellite markers with flanking sequences on both sides was relatively high. In contrast, the percentages of positive clones that are obtained by traditional methods usually range from 0.04% to 12% (Zane et al., 2002) . The approach developed in this study substantially reduces both the time and the costs in the development of microsatellite markers. Ten of 18 primer sets designed using the flanking regions on both sides of the microsatellites were successfully used to amplify bands of the expected sizes from all nine P. helicoides isolates. Sequence data from three isolates confirmed that the length polymorphisms in six of these primer sets were truly due to differences in the numbers of nucleotide motif repeats. Four loci contained microsatellites, but did not show polymorphisms. Using the six polymorphic microsatellite markers, 31 alleles were detected among three representative isolates, and thus indicated a significant variation among the isolates. In many organisms, the allelic size variations of microsatellite markers often result from differences in the number of simple sequence repeats. However, it has been reported that nucleotide insertions or deletions in the flanking regions of the repeat areas might also be responsible for allelic variations (Orti et al., 1997) . In our study, there were no insertions or deletions in the flanking regions of the microsatellites, except for two clones of isolate CBS286.31 at locus YL-TCA that have one base pair insertion. However, it was unaffected in a further analysis, because of a 3-bp repeat.
More than three alleles were detected in individual P. helicoides isolates for each of the loci YL-AC, YL-GA, YL-TCA and YL-CTTT. This phenomenon was previously reported for Phytophthora infestans (van der Lee et al., 2001) , Phytophthora cinnamomi (Dobrowolski et al., 2002) , Phytophthora ramorum (Ivors et al., 2006) and Plasmopara viticola (Gobbin et al., 2003) . To explain this, van der Lee et al. (2001) suggested that trisomy might occur in P. infestans in nature. The multiple alleles in P. cinnamomi were explained by meiotic nondisjunction and heterokaryosis. Gobbin et al. (2003) speculated that heterokaryosis could have taken place in P. viticola. Ivors et al. (2006) suggested gene duplication and trisomy. Kageyama et al. (2007) reported that P. helicoides should have a heterokaryon, and that each nucleus may have different sequences, based on their detection of interisolate variation in the rRNA gene ITS region. Thus, the presence of multiple alleles at a single locus in P. helicoides might result from trisomy, heterokaryosis, gene duplication and/or meiotic nondisjunction.
Allele analysis of 30 P. helicoides isolates showed length polymorphisms in all loci, except for YL-AC, using capillary electrophoresis. Thus, the analysis of PCR products will allow a population genetic study using numerous isolates.
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